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In order to investigate the valence-band discontinuity of the GaAs/AlAs interface, the thickness
dependence of the photoemission spectra of a GaAs layerin situ deposited on AlAs by
molecular-beam epitaxy has been studied. Although the interface is atomically abrupt, the electronic
structure in the interface region displays Al12xGaxAs alloy-like behaviors. The valence-band
maximum as well as the Ga 3d core level show a gradual shift as a function of GaAs layer thickness
of less than 2 nm~8 monolayers!, which indicates that interface formation needs about 2 nm
thickness for the electronic structure of the GaAs layer to become that of bulk GaAs. ©2002


































con-Controlling the band discontinuity at heterointerfaces
extremely important for quantum devices, band-gap en
neering, etc. Recently, high-quality sample growth te
niques using molecular beam epitaxy~MBE! have made it
possible to grow atomically abrupt semiconductor hetero
erfaces. In band-gap engineering, one usually assume
abrupt discontinuity of the band edges at the atomica
abrupt interfaces when designing a wide variety of quant
devices within the framework of the effective mass appro
mation. When two semiconductors join to form a heteroju
tion, however, the local electronic structure may become p
turbed near the interface. In spite of the importance of
interfaces, microscopic details of their electronic structu
have not been clarified yet.
GaAs–AlAs heterointerfaces with small lattice strain a
widely used for quantum devices such as high electron
bility transistors~HEMTs!. Although various methods wer
attempted for measurement of the band discontinuity,1–4 little
direct information about band discontinuity has been
ported and there were discrepancies among the values o
band discontinuity measured by different methods. Co
level x-ray photoemission spectroscopy~XPS! was one of
the useful techniques with which to investigate the valen
band discontinuity, however, it has some ambiguity beca
it gives only indirect information about the valence-ba
maximum ~VBM ! from shifts of the core levels.1,5–8 In a
recent report of valence-band photoemission studies,
shifts were discussed based on the layer thickness de
dence of theX6 and X7 critical points in the density of
states.9 Direct observation of the VBM would clarify the
a!Electronic mail: jun@wyvern.phys.s.u-tokyo.ac.jp1760003-6951/2002/80(10)/1764/3/$19.00



















discussion about the band discontinuity in GaAs/AlAs.
this work, we have investigated the electronic structure o
GaAs/AlAs heterojunction by changing the GaAs lay
thickness byin situ photoemission spectroscopy.
Samples were prepared in a conventional MBE cham
connected to a synchrotron radiation photoemission sys
at beamline BL-1C of the Photon Factory~PF!, High-Energy
Accelerator Research Organization~KEK!.10 Epi-ready
n1-GaAs ~001! substrates were heated to 580 °C under
pressure to remove surface oxide. Surface structures w
probed by reflection high-energy electron diffractio
~RHEED!. On the As-rich (234) GaAs ~001! surfaces, a
GaAs buffer layer was grown to a thickness of more th
300 nm. An AlAs buffer layer was then grown to a thickne
FIG. 1. GaAs layer thickness dependence of thein situ valence-band pho-
toemission spectra. Photon energy of 130 eV was used. The leading ed
the VBM was estimated as the intersection between the slope and the
stant background.4 © 2002 American Institute of Physics
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
1765Appl. Phys. Lett., Vol. 80, No. 10, 11 March 2002 Okabayashi et al.FIG. 2. Core-level photoemission spectra of the GaAs layer deposited on AlAs.~a! Ga 3d peak.~b! As 3d peak.~c! Al 2 p peak. For the 8 ML GaAs layer,















































fromof 300 nm on the GaAs buffer layer. On this AlAs~001!
layer, GaAs films with various layer thicknesses were grow
During growth, we observed (234) surface reconstruction
and the layer thickness was determined by RHEED osc
tions. After transfer of the samples from the MBE chamb
to the photoemission chamber under 10210 Torr, we con-
firmed the (234) surface by a low-energy electron diffra
tion ~LEED! pattern before and after each photoemiss
measurement.In situ valence-band photoemission and hig
resolution Ga 3d, As 3d and Al 2p core-level photoemission
measurements were performed at room temperature usi
VG ARUPS10 spectrometer. The samples were placed
normal emission setup. The total energy resolution was ab
100 meV.
Figure 1 shows the GaAs layer thickness dependenc
the valence-band spectra. On the AlAs~001! buffer layer,
GaAs with 1, 2, 5 and 8 monolayers~ML ! was grown. AlAs
and GaAs spectra are also shown as references. We
chosen photon energy ofhn5130 eV because the angula
dependence of the spectra is suppressed by using high
ton energy. As can be seen in Fig. 1, the peak nearest to
VBM and the leading edge of the VBM are gradually shift
with an increase in layer thickness. Here, the VBM is det
mined by the leading edge position, i.e., defined by the p
of intersection between the slope and the background. T
ML spectrum shows almost the same peak position
leading-edge position as those of the GaAs. This indica
that the 8 ML GaAs thickness on AlAs is enough to establ
band discontinuity between GaAs and AlAs. At less then
ML ~2 nm! thickness, the peak position moves gradually
though the GaAs/AlAs interface fabricated was atomica
abrupt. From the viewpoint of the electronic structure, a tr
sition layer with 2 nm thickness appears to form around
interface because of the hybridization between GaAs
AlAs electronic structures. Our results in the few ML thic
ness region should imply the existence of a transition laye
the electronic structure at the interface whereas in the cas
nanoscale material designs quantum-well structures are
ally designed of the order of;10 nm. The gradual shift in
the peak of the GaAs layer that is less than 8 ML on AlAs
interpreted analogous with the shift in the Al12xGaxAs alloy
grown by digital growth of GaAs and AlAs.11 In a previous
study,9 the shift of the peak of theX-point structure in the

























valence-band photoemission spectra showed the same be
ior as that of the leading-edge shift of the VBM in our r
sults.
Results of the high-resolution core-level photoemiss
measurements are shown in Fig. 2. The spectra have
normalized to the peak height. The spectrum of 8 ML Ga
on AlAs shows the diminishingly weak Al 2p peak, which is
consistent with the photoelectron escape depth. Between
8 ML GaAs spectra and the AlAs spectra, core-level pe
also show gradual shifts. The direction of the shift of t
peak, however, is different among the Ga, As, and Al c
levels. As shown in Fig. 2~a!, the Ga 3d peak is slightly
shifted toward lower binding energies according to the Ga
thickness, while the As 3d peaks move toward higher bind
ing energies. The Al 2p peak shows no change as a functi
of layer thickness. The 1 and 2 ML Ga 3d core-level spectra
show a single peak that originated from the surface com
nent. With an increase in layer thickness, the Ga 3d core-
level peaks show two peaks corresponding to the surface
bulk components and the 8 ML spectrum in Fig. 2~b! shows
the same feature as the GaAs spectra, which is consis
with the valence-band results. The As 3d peak positions in
FIG. 3. Binding energy shifts from the GaAs layer thickness dependenc
photoemission spectra. The leading edge of the VBM was deduced
Fig. 1. The Ga 3d, As 3d, and Al 2p peaks positions were deduced from
Fig. 2.























































1766 Appl. Phys. Lett., Vol. 80, No. 10, 11 March 2002 Okabayashi et al.GaAs and AlAs are different as shown in Fig. 2~b!. Accord-
ing to the common-anion rule,1 the energy levels of the anio
site of As should not shift with a change in the cation si
and only the cation-site energy difference is important. T
shift of the As 3d peaks would then be interpreted as t
difference in hybridization strength between GaAs and AlA
The As 3d spectral shape in all the GaAs layers shows
most the same feature as the spectra of the (234) recon-
structed surface12 with the same RHEED patterns durin
growth of GaAs on AlAs, which guarantees epitaxial grow
with small lattice strain. The origin of the different pea
shifts is not clear at this point, but one can conclude t
direct measurements of the VBM are necessary to study
band-gap discontinuity at heterointerfaces.
In our experiments, one side of the GaAs overlayer is
interface between GaAs and AlAs, while the other side ha
potential discontinuity between GaAs and the vacuum.
avoid any complication by the vacuum level potential, XP
measurements of the AlAs/GaAs/AlAs system, in which t
GaAs layer is sandwiched between the AlAs layers w
performed.13 For GaAs layer thickness less than 10 ML, t
energy difference between the Ga 3d and Al 2p levels
changed in almost the same way as the shifts of the vale
band spectra. This result indicates that the potential disc
tinuity between GaAs and the vacuum level has a neglig
effect, that the shifts of the core levels and the VBM com
from the interface of GaAs/AlAs, and that the thickness d
pendence investigation of GaAs/AlAs has enabled the
cussion of the band discontinuity in the heterointerface.
Figure 3 summarizes the peak shifts shown in Figs
and 2 as a function of the GaAs layer thickness on the r
tive binding energy scale. The reported value for the ba
discontinuity between GaAs and AlAs is about 0.5 eV.5 The
VBM and the Ga 3d peak are shifted in the same way. Th
absence of a shift in the Al 2p peak may be due to th
absence of changes in the electronic structure of Al at
interface, or may be due to cancelling out between differ
effects. In any case, our experiments clearly revealed
there is a finite width of the transition layer in the electron























In summary, we have studied the electronic structure o
GaAs/AlAs heterointerface byin situ photoemission spec
troscopy. We prepared samples by systematically chang
the GaAs layer thickness. The electronic structure of
GaAs layer with less than 2 nm thickness revealed that
Al12xGaxAs alloy-like electronic structure formed at the in
terface of GaAs/AlAs even though an atomical abrupt int
face was prepared.
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